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PhosphoinositideThe relationship between ordered plasma membrane nanodomains, known as lipid rafts, and actin ﬁlaments
is the focus of this study. Plasma membrane order was followed in live cells at 37 °C using laurdan and
di-4-ANEPPDHQ to report on lipid packing. Disrupting actin polymerisation decreased the fraction of ordered
domains, which strongly argue that unstimulated cells have a basal level of ordered domains. Stabilising actin
ﬁlaments had the opposite effect and increased the proportion of ordered domains. Decreasing the plasma
membrane level of 4-phosphate-inositides lowers the number of attachment points for actin ﬁlaments and
reduced the proportion of ordered domains. Aggregation of plasma membrane molecules, both lipid raft
and non-lipid raft markers, lead to the formation of ordered domains. The increase in ordered domains
was correlated with an increase in actin ﬁlaments just beneath the plasma membrane. In live cell plasma
membrane blebs, which are detached from the underlying actin ﬁlaments, the fraction of ordered domains
was low and GM1 could not be patched to form ordered domains. We conclude that ordered domains form
when actin ﬁlaments attach to the plasma membrane. This downplays lipid-lipid interactions as the main
driving force behind the formation of ordered membrane domains in vivo, giving greater prominence to
membrane-intracellular ﬁlament interactions.
© 2012 Elsevier B.V. All rights reserved.1. Introduction
In model membranes two liquid phases, the liquid-ordered (lo)
phase and liquid-disordered (ld) phase, can co-exist [1,2]. The com-
position and thus the characteristics of the phases can differ substan-
tially but a sterol, in mammalian cells cholesterol, is an absolute
requirement for the formation of the lo phase, in which the acyl
chains of the phospholipids are extended and the ﬂuidity is lower
than in ld phase [3]. However, the difference in the cholesterol frac-
tion between co-existing lo and ld phases can be small [4,5]. Living
cells are likely to contain a range of ld phases in their different mem-
branes due to their different lipid and protein compositions. Large
scale phase separation has been shown in both plasma membrane
blebs of dead cells [6] and in giant plasma membranes vesicles at
low temperatures [7–9] demonstrating that the plasma membrane
lipid mix has the capacity to phase separate. Giant plasma membrane
vesicles have also provided evidence that the difference in order
between co-existing lo and ld phases in the plasma membrane mayoyl phosphatidyl choline; DRMs,
tion; Jas, jasplakinolide; Lat B,
hthalene; ld, liquid-disordered;
nylarsine oxide; PI(4,5)P2, phos-
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yd).
l rights reserved.be rather small [10]. These approaches are valuable but are unable
to assess the importance continuous membrane transport as well as
interactions with both extracellular and intracellular structures for
phase separation/formation in living cells.
Lipid rafts is the inclusive term for a range of membrane nano-
domains involved in cellular processes as diverse as cell signalling,
membrane tubulation and protein sorting in the Golgi. They are often
characterised by their insolubility in non-ionic detergents at 4 °C—a pro-
cedure that generates detergent-resistant membranes (DRMs). Triton
X-100 DRMs (TX-DRMs) are enriched in cholesterol, glycosphingolipids,
sphingomyelin and saturated glycerophospholipids [11]. This combina-
tion of lipids can form a lo-like state at 37 °C [12]. Although TX-100 is
more selective than other detergents [13], it is clear that TX-DRMs do
not truly represent the in vivo membrane organisation [14–16]. They
are nonetheless useful as a tool for lipid raft partitioning.
Originally, lipid rafts were proposed to form by the self-aggregation
of cholesterol and sphingolipids forming stable platforms ﬂoating in
ﬂuid membrane [17]. Today lipid rafts are seen as small and dynamic
entities representing biology's lo phase(s), in contrast to the rest of
the membrane that exists as ld phase(s), but the mechanism behind
their formation and persistence remain elusive. Recently, it has been
demonstrated that lipid raft size can vary within a cell and between
cell types [18].
For decades, it has been known that actin ﬁlaments accumulate
underneath aggregated plasma membrane components [19–21]. More
recently, an increase in the more ordered membrane component has
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that the TX-DRM preparationmethod is derived from a procedure used
to purify the cytoskeleton, it seems more than likely that there is a
strong link between lipid rafts and actin ﬁlaments. Cytoskeletal compo-
nents like actin and α-actinin as well as the actin-binding proteins
ARP2/3, spectrin and supervillin are enriched in TX-DRMs [23–25]. Fur-
thermore phosphatidylinositol 4,5-bisphosphate (PI(4,5)P2), a lipid
that links the plasma membrane to actin ﬁlaments, is enriched in
TX-DRMs and also colocalises with lipid raft markers [26,27].
In this study, we have used the probes laurdan and di-4-ANEPPDHQ
to assess the relationship between plasmamembrane ordered domains
and actin dynamics in live cells. The results suggest that plasma mem-
brane connections to actin ﬁlaments are responsible for the existence
of ordered domains in a phosphoinositide-dependent manner. More-
over, patching ofmembrane components is shown to induce actin poly-
merisation at the plasmamembrane coinciding with regions where the
proportion of ordered plasma membrane domains is increased.
2. Materials and methods
2.1. Cell culture
Jurkat T cells (clone E6.1) were obtained from ATCC and FRSK cells
were from the Japanese Collection of Research Bioresources. K562 and
Raji cells fromATCCwere a kind gift of Eva Klein, KI, Sweden. The Jurkat
T cells, the Raji cells and the K562 cells were cultured in RPMI and the
FRSK cells in MEM. The media were supplemented with 100 U/ml pen-
icillin, 100 μg/ml of streptomycin, 2 mM glutamine and 5% (Jurkat T &
FRSK cells) or 10% (K562 and Raji cells) v/v heat inactivated fetal bovine
serum (Hyclone, Waltham, MA). All cells were maintained at 37 °C in a
humidiﬁed incubator under 5% CO2.
2.2. Materials
6-dodecanoyl-2-dimethyl-aminonaphthalene (laurdan), concanav-
alin A-Alexa Fluor 647, cholera toxin-Alexa Fluor 647, jasplakinolide,
DiIC12, anti-mouse-Alexa Fluor 647 and anti-rabbit-Alexa Fluor 647
were from Molecular Probes (Invitrogen, Carlsbad, CA). Anti-CT-B was
from Calbiochem (San Diego, CA). Catalase, glucose oxidase, HEPES, min-
eral oil, phenylarsine oxide, trypan blue and 3-aminopropyltriethoxy si-
lane were from Sigma (St. Louis, MO). Di-4-ANEPPDHQ was supplied by
Lesley Loew, University of Connecticut Health Center, CT. The PLCδ1-
PH-EGFP construct was from Tomas Balla, National Institute of Health,
MD. Anti-CD59 was obtained from AbD Serotec (Raleigh, NC), anti-
CD45 was from RDI at Fitzgerald Industries International (Flanders, NJ).
Latrunculin B was obtained from A.G. Scientiﬁc, Inc. (San Diego, CA).
2.3. Cell viability
Cell viability was assessed by trypan blue exclusion. Cells were
counted either manually or in a Countess Automatic Cell Counter
(Intvitrogen, Carlsbad, CA). Each experimental condition was assessed
at least twice with a total count of several hundred cells.
2.4. Isolation of human T lymphocytes
Peripheral blood mononuclear cells from fresh blood of healthy
donors were isolated on a Histopaque gradient. Cells were mixed
with pan T cell isolation beads (Miltenyi Biotec Inc., Auburn, CA)
and CD3 positive cells were negatively selected on a MACS column.
The puriﬁed cells were kept at 1×106 per ml in RPMI medium
supplemented with 2 mM L-glutamine, 100 U/ml penicillin and
100 mg/ml streptomycin at 37 °C in humidiﬁed incubator under 5%
CO2 and used within 2 h of puriﬁcation for imaging experiments.2.5. Preparation of large unilamellar vesicles (LUVs)
LUVswere prepared as described previously [28,29]. The lo phasewas
made up of sphingomyelin, 1,2-dioleoyl-sn-glycero-3-phosphocholine
(DOPC) and cholesterol at 1:1:2 and the ld phase by DOPC. The total
lipid concentrationwas 1 mMand the laurdan concentration 1 μMpro-
ducing a dye to lipid ratio of 1:1000. The lipidswere dissolved in 1 ml of
chloroform. To produce a dry ﬁlm of lipids, the lipid solutions were ﬁrst
placed under a stream of nitrogen for 30 min and then subjected to
lyophilisation for 30 min after which the dried lipids were suspended
in PBS, vortexed and incubated at room temperature for 1 h. The lipid
suspensionswere then, bymoving the samples between liquid nitrogen
and 40 °C water, subjected to ﬁve fast freeze–thaw cycles to decrease
the lamellarity. To obtain LUVs, the lipid solutions were extruded 21
times through a polycarbonate ﬁlter with a pore size of 100 nm
(Whatman Plc., UK) in an Avanti manual extruder.
2.6. Spectra
Laurdan emission spectra were acquired using a Gemini EM Fluo-
rescence Microplate Reader (Molecular Devices, CA) at 25 °C from
390 to 560 nm with excitation at 350 nm. A 1 nm bandwidth was
used and a background subtraction for PBS was performed. The spec-
tra were smoothed using a rolling average of four.
2.7. Transfection
107 Jurkat T cells were washed twice and resuspended in 300 μl of
serum-free RPMI. Transient transfection was performed by electropo-
ration at 250 V and 960 μF with a Gene Pulser (Bio-Rad, CA), using
10 μg PLCδ1-PH-EGFP. Cells were cultured in RPMI supplemented as
described above for 38–44 h prior to analysis.
2.8. Cell staining and live cell imaging
Cells were washed twice and suspended at 1.25×106 cells/ml after
which they were labelled with 5 μM laurdan or 1 μM di-4-ANEPPDHQ
for 30 min at 37 °C. The cells were then suspended in serum-free
HEPES-buffered RPMI medium. 2.5×105 cells in 200 μl medium were
added to TESPA-coated coverlips, of thickness No 1½, attached to the
bottom of Petri dishes. Mineral oil was added in a thin layer on top of
the medium to minimise evaporation after the ﬁnal additions of drugs
had been made. GM1 crosslinking was induced by incubation with
CT-B for 30 min on ice followed by anti-CT-B Alexa-647 for 30 min on
ice and then 10 min at 37 °C [30]. Membrane blebbing after CT-B
patching was observed after 30 min at 37 °C. Crosslinking of CD45
and CD59 was achieved in a similar way, cells were incubated with pri-
mary antibody for 30 min on ice, followed by secondary antibody for
30 min on ice and then transferred to 37 °C for 15 min. Primary anti-
body concentrations were: anti-CD59 2 μg/ml, anti-CD45 4 μg/ml.
Secondary antibodies were used at 10 μg/ml. Concanavalin A was
used at a concentration of 10 μg/ml. Live cell imaging was performed
in HEPES-buffered RPMI medium on a wide-ﬁeld ﬂuorescence Zeiss
Axiovert 200 Mmicroscope (Carl ZeissMicroImagingGmbH,Göttingen,
Germany) equipped with a Cascade 1 K camera (Photometrics, Tucson,
AZ). 7000 U of catalase and 16 U of glucose oxidase were included in
themedium tominimise photobleaching [31,32]. A 63×water objective
lens (NA 1.3) and DG4 (Sutter Instrument, Novato, CA) with 350/50×
and HQ577/20x excitation ﬁlters, a z365/577rpc dichroic and a dual-
view dichroic ms-470LDX (Chroma, Rockingham, VT) and 425/40 m
and 51018m emission ﬁlters were used for laurdan and Alexa Fluor-
647 imaging. For di-4-ANEPPDHQ a 51019× excitation ﬁlter, ms-
565LDX-1826 dichroic and 522/40 m and 630/50 m emission ﬁlters
were used. Focus was adjusted under transmitted light and laurdan as
well as di-4-ANEPPDHQ images acquired without prior exposure to
UV or intense excitation light to minimise photobleaching. Z-stacks of
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rial plane of the cells or plasma membrane blebs.
Cells transfected with PLCδ1-PH-EGFP were imaged using 480/20×
excitation and a HQ525/50 M emission ﬁlters and an Axiocam MRm
camera (Carl Zeiss MicroImaging GmbH, Göttingen, Germany).
2.9. Drug treatment
Either 2 μM latrunculin B or 1 μM jasplakinolide was added to
cells labelled with laurdan or di-4-ANEPPDHQ and remained in the
medium throughout the experiment. The same cells were imaged be-
fore and after treatment. Phenylarsine oxide (PAO)-treatment was
performed at 20 μM for 15 min on cells attached to coverslips, after
which the cells were washed twice. HEPES-buffered RPMI was then
added. The same cells were imaged before and after treatment.
2.10. Quenching
Jurkat T cells were labelledwith 1 μMdi-4-ANEPPDHQ for 20 min at
37 °C. The cellswere imaged at room temperature through a 60× oil ob-
jective (NA 1.4) using Yokogawa CSU-10 spinning disk confocal system
(Andor Technology, Belfast, Northern Ireland) attached to an Eclipse
TE2000 microscope (Nikon, Kanagawa, Japan). Excitation was at
488 nm and a 586/20 emission ﬁlter was used (Semrock Inc. Lake For-
est, IL). Fluorescence was detected with a DU-888E EMCCD camera
(Andor Technology) under MetaFluor software control (Molecular
Devices Corp., Downingtown, PA). The same cells were imaged before
and within 30 s after the addition of 0.4% trypan blue.
2.11. Induction of cell blebbing
FRSK cells were treated with 0.25% trypsin (Hyclone, Waltham,
MA) for 30 min while the cells were labelled with 5 μM laurdan.
The cells were then washed twice and suspended in HEPES-buffered
MEM before they were added to coverslips attached to Petri dishes.
2.12. Image processing and analysis
Cells having no immediate neighbours and clearly discernable nu-
clei under phase contrast were selected for image analysis. Gain was
adjusted within the dynamic range. Each experiment was repeated
at least three times. Regions of the plasma membrane in contact
with the nuclear membrane were excluded from the analysis. When
possible the images were both acquired and analysed blindly, to min-
imise operator bias. A full set of experiments for a plasma membrane
component (control, primary antibody alone and patching) was al-
ways performed on the same day and data normalised to that of the
control cells. For display, images with a one pixel wide outline of
the plasma membrane were smoothed by averaging each pixel only
with adjacent pixels on the outline. This involved setting the back-
ground pixels to zero, averaging over a 3×3 block of pixels and
checking the number of neighbouring pixels. The number of neigh-
bours was used to correct the raw average and non plasma mem-
brane pixels were reset to the background value. To visualise
plasma membrane staining and blebs a linear contrast stretch was
performed. The unitary scale bar was used to display distances [33].
Our in house designed software was built around a Semper6w kernel
(Synoptics Ltd, Cambridge, UK). Displayed images were prepared
using Adobe Photoshop 7.0 software.
2.13. Analysis of quenching
The average pixel intensity was analysed using ImageJ. A region of
interest (ROI) of the plasma membrane in images of cells prior to
addition of quencher was selected and used also for the analysis of
images of quenched ﬂourescence. To verify that the reductionmeasured was caused by quenching di-4-ANEPPDHQ cells were im-
aged twice to assess the level of photobleaching.
2.14. Estimation of ﬁlamentous actin at the plasma membrane
Cells were patched as described above and then ﬁxed using a solu-
tion that preserves actin ﬁlaments (1% Triton X-100, 0,75% glutaralde-
hyde, 0.137 M NaCl, 5 mM KCl, 1.1 mM Na2HPO4, 0.4 mM, KH2PO4,
4 mM NaHCO3, 5.5 mM glucose, 2 mM MgCl2, 2 mM EGTA, 5 mM
PIPES pH 6.0) for 5 min at 37 °C [34]. Cells were then stained with
0.8 μg/ml FITC-phalloidin for 30 min at RT and 5 μg/ml DiIC12 for
15 min at RT. Cells were washed three times in PBS and mounted in
AF1 (Citiﬂuor Ltd, London UK). Images were acquired using an
UltraView ERS spinning disc confocal system (Perkin Elmer, Waltham,
MA) connected to an Axiovert 200 M microscope (Carl Zeiss
MicroImaging GmbH, Göttingen, Germany). A 63× oil objective (NA
1.4) and an ERS 3E dichroic were used. Excitation of FITC, DiIC12 and
Alexa Fluor 647 was performed with 488 nm, 561 nm and 640 nm
laser lines respectively and the UltraView ERS standard emission ﬁlters
for the three ﬂuorophores. To avoid bleaching affecting the image ana-
lysis, focus was adjusted under transmitted light and FITC-phalloidin
images immediately acquired once the excitation source was turned
on. The plasma membrane was delineated manually with sequentially
marked points that were joined automatically [26]. The locations of
the points were optimised by automatically searching for the most in-
tense pixel over a short distance around the manually selected pixel
along a line drawn between the initial position and the centre of the
cell. Once delineated, the mean ﬂuorescence intensity per pixel of the
corresponding image of FITC-phalloidin was calculated. The membrane
marker DiIC12was used to deﬁne the cell periphery as a region of inter-
est. A more detailed analysis of the plasma membrane was made by
selecting patched and non patched areas, based on the pattern of distri-
bution of a second ﬂuorescently tagged membrane molecule (CD59 or
GM1 indirectly labelled with Alexa Fluor 647). Intensity thresholding
using the Alexa Fluor conjugates was used to divide the plasma mem-
brane into two subregions, whose GP value were measured separately.
The software was built around a Semper6w kernel (Synoptics Ltd,
Cambridge, UK).
2.15. Ratiometric analysis
Image stacks from both laurdan channels were deconvolved
together with the Alexa Fluor 647 conjugate image stack of a plasma
membrane molecule using AutoQuantX (Media Cybernetics, Bethes-
da, MD). The images were then checked for alignment using a cross
correlation function and the plasma membrane was demarcated as
described above. A single line of pixels, between sequential points,
was used to select pixels corresponding to the plasma membrane.
The background intensity, based on an area outside the cell, was
subtracted. The calculation of the ratio between the two laurdan
channels used the generalised polarisation formula:
GP laurdanð Þ ¼
I 405−445ð Þ−I 470−508ð Þ
I 405−445ð Þ þ I 470−508ð Þ
The calculation of the ratio between the two di-4-ANEPPDHQ
channels used the generalised polarisation formula:
GP di−4ð Þ ¼
I 502−542ð Þ−I 605−655ð Þ
I 502−542ð Þ þ I 605−655ð Þ
The average ratio over the whole plasma membrane was obtained
from the arithmetic mean of the ratios for individual pixels. A more de-
tailed ratiometric analysis of the plasma membrane was made by
selecting patched and non patched areas based on the pattern of distri-
bution of a second ﬂuorescently tagged membrane molecule (Con A,
Fig. 1. Ordered plasma membrane domains exist in Jurkat T cells and their abundance is
linked to actin dynamics. (A) Jasplakinolide treatment. Cells labelled with 5 μM laurdan
for 30 min at 37 °C were treated with 1 μM Jas and imaged after 35 to 60 min. The GP
values for the control cells were normalised to zero. Data shown are means±s.e.m., p
values are from a two-tailed t-test with the control. (B) Latrunculin B treatment. Laurdan
labelled cells were treated with 2 μM Lat B and imaged after 20 to 45 min. Cells were
patched by incubation on ice with CT-B for 30 min followed by anti-CT-B Alexa Fluor
647 for 30 min. Cells were then placed at 37 °C and imaged after 10 to 20 min. 2 μM Lat
B was present during the whole experiment. pm = plasma membrane. The GP values
for the control cells were normalised to zero. Data shown are means±s.e.m., p values
are from a two-tailed t-test where the Lat B treated cells were compared with the control
and the CT-B-patched cells compared with the Lat B treated cells, n=18–39. (C) Repre-
sentative GP images of control, Lat B and Jas treated cells. Scale bar 10 μm.
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thresholding using the second ﬂuorophore was used to divide the plas-
ma membrane into two subregions whose GP values were measured
separately.
2.16. Statistical analysis
A two-tailed t-test was used when populations were compared
and a paired two-tailed t-test was used when the same cells were im-
aged before and after treatment.
3. Results
Laurdan and di-4-ANEPPDHQ report on the hydration level of
membranes. They are sensitive to solvent polarity, resulting in a red
shift in their emission spectra in ld compared to lo and gel phases
[35,36]. The chromophores of laurdan and di-4-ANEPPDHQ probe
are found at the interphase region between the lipid headgroups
and the ﬁrst C-atoms of the hydrophobic acyl chains and the acyl
groups deeper in the hydrophobic core respectively. Generalised
polarisation (GP) is a measure of the relative proportion of lo/gel
phases and ld phase in a sample and a change in GP values provide in-
formation that one of the phases has become more abundant [37]. In
cells, where the solid gel phase is unlikely to exist, GP-values can be
used to assess if the fractions of ld and lo phases change. In addition
to information on the global plasma membrane order, subregions of
the plasma membrane can be deﬁned based on the distribution of
membrane components. By not using a polarised light source as a
laser, we avoid photoselective effects and the use of a dual view
image splitter eliminates the need for detector calibration. We use
the terms ordered and disordered domains to include the whole
range of potential lo and ld phases respectively. In our setup, DOPC li-
posomes one of many possible ld phases have a GP value of 0.00±
0.031 and cholesterol:sphingomyelin:DOPC (2:1:1) representing
one of many possible lo phase have a GP value of 0.58±0.019. For
clarity the control cells have been normalised to zero to focus on
the changes in GP values. The raw GP-values of all cell types studied
can be found in Supplemental Table 1 and the key steps in the
ratiometric image analysis are displayed in Supplemental Fig. 1. All
GP imaging was performed on live cells at 37 °C.
3.1. Ordered domains exist in the plasma membrane of live cells and their
proportion is determined by actin dynamics
The standard method of purifying lipid raft enriched membrane
fractions, TX-DRMs, is a development of a method originally used to
purify cytoskeletal components suggesting a strong link between
these domains and intracellular ﬁlaments. We therefore asked whether
global alterations of actin dynamics could inﬂuence the laurdan GP
value of the plasmamembrane. We chose Jurkat T cells as our principal
model cell type since major plasma membrane rearrangements take
place in T cells upon their activation and immune cells lack caveolae,
a lipid raft subtype. The cells were treated with either latrunculin B
(Lat B) that inhibits actin polymerisation by sequestering actin mono-
mers, [38] or with jasplakinolide (Jas), which stabilises actin ﬁlaments
by binding to them [39]. Drug treatment did not affect cell viability,
assessed by trypan blue exclusion (Table S2). Jas treatment resulted
in a dramatic increase in the laurdan GP value, showing that the pro-
portion of ordered domains was increased in its presence (Fig. 1A). In
contrast, Lat B treatment resulted in a substantial decrease in laurdan
GP value, i. e. the fraction of ordered domains (Fig. 1B). That the GP
value could decrease shows that ordered plasma membrane domains
were present before treatment. There is a broad range of plasmamem-
brane laurdan GP values in control cells (Fig. 1C), meaning that the
fractions of ordered and disordered domains are not uniform through-
out the plasma membrane. After Jas or Lat B treatment, a range in GPvalues can still be seen and there also are large coherent areas of GP
values at the extremes of the original range, high and low (Fig. 1C). The
results with Jas and Lat B were reproduced in primary human T cells
and K562 cells indicating that the link between ordered domains and
actin ﬁlament dynamics is general rather than cell type speciﬁc (Supple-
mental Fig. 2).
Di-4-ANEPPDHQ is positively charged and, unlike laurdan, should
be unable to ﬂip in the membrane. It therefore exclusively reports on
the outer plasma membrane leaﬂet. That minimal ﬂipping occurred
was conﬁrmed using trypan blue as a quencher (Supplemental
Fig. 3). Quenching resulted in loss of 91% (n=33) of the plasma
membrane ﬂuorescence, whereas repeated imaging caused a ﬂuores-
cence reduction of 11% (n=15). Jas treatment resulted in an increase
in the di-4-ANEPPDHQ GP value (Fig. 2), showing that the fraction of
ordered outer leaﬂet domains increased upon treatment supporting
the laurdan GP value results. Lat B treatment resulted in a reduction
in the di-4-ANEPPDHQ GP value (Fig. 2) showing that ordered outer
leaﬂet plasma membrane domains were present before treatment.
This demonstrates that links between the cytoskeleton and inner
plasma membrane leaﬂet components affects the outer plasma mem-
brane leaﬂet.
Actin ﬁlaments are attached to the plasma membrane phos-
phoinositides via ERM proteins. We used phenylarsine oxide (PAO),
an inhibitor of phosphatidyl inositol 4-kinase, to reduce the number of
Fig. 2. Actin dynamics are reﬂected in the outer leaﬂet of the plasma membrane of
Jurkat T cells. Cells labelled with 1 μM di-4 were treated with 2 μM lat B and imaged
after 20 to 45 min jas. Di-4 labelled cells were treated with 1 μM jas and imaged
after 35 to 60 min. Di-4-ANEPPDHQ GP values shown are mean±s.e.m., p values are
from a two-tailed t-test with the control, n=19–39.
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effect of phenylarsine oxide (PAO) treatment on cells transfected with
phospholipase Cδ1-pleckstrin homology-EGFP, we veriﬁed that the
pool of accessible plasma membrane PI(4,5)P2 was reduced (Fig. 3B).
PAO treatment resulted in a decrease in the laurdan GP value
(Fig. 3A), meaning a decrease in the fraction of ordered membrane do-
mains. Also in Raji and K562 cells PAO treatment resulted in a decrease
in the larudan GP value (Supplemental Fig. 4). This strongly suggests
that actin ﬁlaments attached to the plasma membrane are responsible
for the formation of ordered membrane domains.
Large membrane blebs frequently form at the plasma membrane
as the result of local breakage of the connection between the cyto-
skeleton and the membrane [40]. Separation from the cytoskeleton
causes the membrane to balloon outwards. Membrane blebs are usu-
ally devoid of actin ﬁlaments and therefore provide an importantFig. 3. Free plasma membrane phosphoinositides are required for maintaining ordered
membrane domains. (A) Jurkat T cells were labelled with 5 μM laurdan for 30 min at
37 °C and imaged. They were then treated with 20 μM PAO for 15 min at 37 °C after
which the cells were washed twice. Cells were then reimaged in HEPES-buffered
RPMI. Data shown are means±s.e.m., p values are from a paired two-tailed t-test.
(B) Jurkat T cells were transiently transfected with PLCδ1-PH-EGFP, left to grow for
38–44 h and imaged±PAO treatment as above. The images are from wide ﬁeld mi-
croscopy. Scale bar 10 μm.insight into the inﬂuence of the membrane proximal cytoskeleton
on membrane order. In FRSK cells, K562 cells as well as Jurkat T
cells, representing diverse cell types, membrane blebs had lower av-
erage laurdan GP values than the rest of the plasma membrane
(Fig. 4A), meaning that the blebs contain a high fraction of disordered
domains. This can be seen in display of the GP values in a blebbing
Jurkat T cell (Fig. 4B). In all cell types, the membrane blebs had far
weaker laurdan ﬂuorescence than the bulk plasma membrane (Fig.
S3), supporting the ﬁnding that the cell surface is highly folded [41].
Attempts were made to assess the membrane order in blebs of Lat B
treated cells, because of their general low content of ordered do-
mains, but bleb formation was not observed in Lat B treated cells.
GM1, a well established lipid raft component [42], was visualised
using Alexa Fluor 647-labelled cholera toxin subunit B (CT-B) which is
pentavalent for GM1. GM1-CT-B staining could be seen along the entire
plasmamembrane includingmembrane blebs (Fig. 5). The blebs in CT-B
stained cells contained as low a fraction of ordered domains as those of
unstained cells (data not shown). Interestingly, when GM1-CT-B was
aggregated using anti-cholera toxin, no GM1-CT-B patches were found
on the blebs (Fig. 5). This suggests that both actin ﬁlaments and the
formation of ordered plasma membrane domains are involved in the
patching process that can induce the same type of early signalling
response in T cell as the binding of antigen to the TCR [26,43].
3.2. Crosslinking of both lipid raft and non-lipid raft markers increases
the fraction of ordered plasma membrane domains
Four plasma membrane molecules, two lipid raft markers and two
non-lipid raft markers, were selected for cross-linking experiments to
assess if membrane rearrangement affects both the proportion of or-
dered plasma membrane domains and actin ﬁlaments at the plasma
membrane. The plasma membrane insertion of the four components
is illustrated in Supplemental Fig. 5.
The lipid raft marker GM1, a ganglioside, was aggregated as de-
scribed above. Incubation with CT-B, which is pentavalent for GM1,
did not result in any signiﬁcant change in laurdan GP values (Fig. 6A).
CT-B-GM1 patching caused an increase in the proportion of orderedFig. 4. Plasma membrane blebs are depleted in ordered membrane domains. (A) Spon-
taneous cell blebbing was imaged in K562 (n=8) and Jurkat T cells (n=7), whereas in
FRSK (n=27) cells blebbing was induced by a 30 min incubation with 0.25% trypsin.
Data shown are means±s.e.m., p values are from a two-tailed t-test with the bulk plas-
ma membrane for the respective cell type. (B) Representative GP image of Jurkat T cell
with a plasma membrane bleb. Scale bar 10 μm.
Fig. 5. Plasma membrane blebs of live cells are ﬁne structures devoid of GM1-CT-
B-patches. Spontaneous cell blebbing was imaged in K562 and Jurkat T cells, whereas
in FRSK cells blebbing was induced by a 30 min incubation with 0.25% trypsin. (A)
FRSK cells, laurdan staining. (B) K562 cells, laurdan-staining. (C) Jurkat T cells,
laurdan-staining. (D) CT-B stained Jurkat T cells, laurdan staining. (E) CT-B stained
Jurkat T cells, Alexa Fluor 647 CT-B staining. (F) CT-B patched Jurkat T cells, laurdan
staining. (G) CT-B patched Jurkat T cells, Alexa Fluor 647 staining. The inserts were
contrast stretched separately from the whole images to visualise the weak staining of
the blebs. Scale bar 10 μm.
Fig. 6. The fraction of ordered plasma membrane domains in Jurkat T cells increases
upon aggregation of lipid raft markers. (A) GM1 patching. Cells were patched by incu-
bation on ice with CT-B Alexa Fluor 647 for 30 min followed by anti-CT-B for 30 min.
Cells were then imaged after either 10–20 minutes or 35–45 min at 37 °C. pm = plas-
ma membrane. (B) Laurdan GP images of control and patched cells along with a ﬂuo-
rescence image of GM1 patched with CT-B Alexa Fluor 647 and anti-cholera toxin for
10 min. (C) CD59 patching. Cells were patched by incubation on ice with anti-CD59
for 30 min and anti-mouse Alexa Fluor 647 for 30 min. Cells were then imaged after
15–30 min at 37 °C. (D) CD59 patching. Laurdan GP images of control and patched
cells along with a ﬂuorescence image of CD59 patched with anti-CD59 and
anti-mouse Alexa Fluor 647. Laurdan GP values shown are mean±s.e.m., p values
are from a two-tailed t-test with the control and a paired t-test with the patched and
the non-patched regions, n=10–44. Scale bar 10 μm.
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the thresholded CT-B-GM1 patches than in the non-patched regions of
the plasma membrane and the difference between the two plasma
membrane subregions was signiﬁcant (Fig. 6A). Compatible with theordered plasma membrane domains increasing both in the patched
and non-patched regions, there are regions of high GP values also
where there are no CT-B-GM1 patches (Fig. 6B). Interestingly, the pro-
portion of ordered domains in CT-B-GM1 patches increased over time.
The global increase in the proportion of plasmamembrane ordered do-
mains was similar 10–20 and 35–45 min after patching, but the differ-
ence in GP value between patched and non-patched regions increased
with time. This suggests that the increase in patched region was at the
expense of depletion of ordered domains from non-patched regions.
Crosslinking of GM1-CT-B in the presence of Lat B resulted in a small
increase in plasma membrane ordered domains, more noticeably in
patched regions than in non-patched plasma membrane regions
Fig. 7. The fraction of ordered domains in the plasma membrane of Jurkat T cells in-
creases upon capping with Concanavalin A. (A) Cells were patched by incubation on
ice with Con A-Alexa Fluor 647 for 30 min. Cells were then imaged after 10–20 min
at 37 °C. pm = plasma membrane. The laurdan GP values for the control cells were
normalised to zero. Data shown are means±s.e.m., p values are from a two-tailed
t-test with the control. (B) Representative larudan GP images of control and capped
cells along with an image of Con A-Alexa Fluor 647. Laurdan GP values shown are
mean±s. e. m., p values are from a two-tailed t-test with the control, n=28–37.
Scale bar 10 μm.
Table 1
Actin ﬁlaments are concentrated under patches of pm molecules.
Population Fluorescence intensity in plasma
membrane pixels (relative values)
n
Control, whole pm mean 11.7±0.56 43
Lipid raft markers
CD59, whole pm mean 17.1±0.67*** 38
CD59, non-patched regions 16.5±0.67*** 38
CD59, patched regions 22.9±1.1*** 38
GM1, whole pm mean 17.0±0.60*** 38
GM1, non-patched regions 16.0±0.62*** 38
GM1, patched regions 22.8±1.5*** 38
Non lipid raft markers
CD45, whole pm mean 15.5±0.50*** 39
Con A, whole pm mean 17.6±0.80*** 43
TfR, whole pm mean 12.0±0.55 45
Jurkat T cells were crosslinked for CD59, GM1, CD45, Con A or TfR, ﬁxed and stained
with FITC-phalloidin and DiI-C12. Confocal images were acquired at the equatorial
plane of the cells. The DiI-C12 image was used to deﬁne the plasma membrane
which was delineated manually. The mean ﬂuorescence intensity per pixel of the cor-
responding FITC-phalloidin image was calculated. pm = plasma membrane. Data
shown are means±s.e.m. Student t-test values: ***pb0.001 for a two-tailed t-test
with control cells.
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also resulted in a small increase in plasmamembrane ordered domains
that in patched regions was more pronounced (data not shown). This
indicates that limited actin polymerisation still occurred during the
Lat B treatment.
GPI-anchored proteins like CD59 partition to lipid rafts. Aggregation
of GPI-anchored proteins also induces the same type of response in
T cells as the binding of antigen to the TCR [44,45]. Cells incubated
only with anti-CD59 showed an increase in the laurdan GP value but
this was not statistically signiﬁcant (p=0.126). Patched cells contained
a higher fraction of ordered domains than control cells and the patched
regions accounted for the largest ordered domain density (Fig. 6C).
Compatible with the ordered plasma membrane domains increasing
both in the patched and non-patched regions, there were regions of
high GP values also where there were no CD59 patches (Fig. 6D).
The laurdan emission spectra of cells that had in increase in GP
value as a result of CD59-patching was not shifted laterally compared
with that of control cells (Fig. 6C and Supplemental Fig. 6). A similar
result was obtained upon CT-B-GM1 patching (data not shown).
This strongly argues that laurdan GP values measure the relative
abundance of ordered and disordered domains, not the increase in
order of a single phase or the increase in order of two phases which
could also result in an increase in GP values.
The phosphatase CD45 was selected as a non lipid raft marker
[46]. Incubation of cells with anti-CD45 alone did not affect the prev-
alence of the different membrane phases. Patching of CD45 increased
the fraction of ordered domains in the entire plasma membrane and
more so in the patched regions with the difference between the two
plasma membrane subregions being signiﬁcant (Supplemental Fig.
7A). Compatible with the ordered plasma membrane domains in-
creasing both in the patched and non-patched regions, regions of
high GP values also are found also where there were no CD45 patches
(Supplemental Fig. 7B).
The transferrin receptor (CD71) [43] was selected as a second non
lipid raft component. Patches of TfRwere small and rapidly internalised.
Even changing fromwide ﬁeld to confocal microscopy, which decreases
the total exposure timebecause the deconvolution step can be eliminat-
ed, did not result in visible TfR patches at the plasma membrane.
ConcanavalinAbinds to glucosyl andmannosyl residues ofmembrane
lipids and proteins [47] and was used to test if an increase in ordered do-
mains upon patching is a general crosslinking effect. Crosslinking with
concanavalin A resulted in an increase in ordered domains in both
patched and non patched regions of the plasma membrane (Fig. 7), sim-
ilar to crosslinking of CT-B, CD59 and CD45, supporting this notion.
The increase in ordered domains following crosslinking of mem-
brane components, regardless of their locations and nature, suggests
that patching rather than location is the important characteristic.
Since we had observed an increase in the proportion of ordered plasma
membrane domains upon stabilisation of actin ﬁlaments, we set out to
answer whether crosslinking of membrane components induces global
actin polymerisation. Cells patched for membrane molecules were
analysed for their plasmamembrane proximal FITC-phalloidin staining,
a marker of ﬁlamentous actin. Upon patching, there was an increase in
actin ﬁlaments adjacent to the plasmamembrane, with regions patched
for GM1-CT-B and CD59 having the most intense FITC-phalloidin
staining (Table 1). Therewas a striking correlation between the increase
in ordered domains and the increase in cell peripheralﬁlamentous actin
showing that patches are rich in both ordered membrane domains and
actin ﬁlaments (Fig. 8).
4. Discussion
A consensus is emerging that lipid rafts have an important role in
cell signalling, forming platforms into which signalling molecules
partition and from which deactivating molecules are excluded. How-
ever in resting cells the nature of lipid rafts is largely unknown andeven their very existence is questioned [48,49]. We provide a positive
answer to the very simple question of whether it is possible to reduce
the proportion of ordered plasma membrane in unstimulated Jurkat T
cells, primary human CD4+ T cells, Raji cells and K562 cells by study-
ing membrane order in the plasma membrane of intact live cells. This
strongly support the existence of lipid rafts in resting T cells in line
with a recent study on ﬂuctuations of GP values within single spots
of the plasma membrane [18].
Lat B treatment, which inhibits actin polymerisation, increased the
proportion of disordered domains in the plasma membrane while
jasplakinolide, which stabilises actin ﬁlaments, had the opposite
effect. This offers an explanation to a study where the clustering of
lipid raft proteins was decreased by Lat B and increased by Jas treat-
ment [50]. The effect of actin dynamics may be related to the ﬁnding
that indirect PI(4,5)P2 connections between the cytoskeleton and the
Fig. 8. Ordered plasma membrane domains are correlated with actin ﬁlaments at the
plasma membrane. The change in GP value upon patching of GM1, CD59, CD45, CD3
and Con A was plotted against the change in cell peripheral FITC-phalloidin staining
for the same experimental condition. The Pearson correlation coefﬁcient between the
two datasets is 0.795.
1109J. Dinic et al. / Biochimica et Biophysica Acta 1828 (2013) 1102–1111plasma membrane regulate the adhesion energy between the two
[51]. We found that 4-phosphate-inositides, among those PI(4,5)P2,
were required for the formation of plasma membrane ordered do-
mains, suggesting that membrane areas of high order also are areas of
high adhesion energy which was also implied in a recent study where
the plasma membrane order was decreased upon overexpression of a
PI(4,5)P2-binding construct [52]. Intriguingly, in model membranes
containing PI(4,5)P2, actin polymerisation can induce and stabilise
large-scale phase separation [53], but in this system, as opposed to
what we ﬁnd in cells, the actin ﬁlaments are connected to the ld rather
than the lo phase. Taken together the accumulated evidence suggests
that the attachment of actin ﬁlaments to the plasma membrane not
only promotes phase separation but actually induces the formation of
ordered domains. This is further supported by ourﬁnding that increases
in cell peripheral actin polymerisation are strongly correlated with in-
creases in the proportion of ordered domains. Interestingly, the extent
of actin polymerisation is also linked to a cell's propensity to form
blebs at the plasma membrane with a threshold value under which
blebs do not form [54]. In addition, it has been reported that the mem-
brane ﬂuidity of Jurkat T cells is increased when both actin ﬁlaments
and microtubules are depolymerised [55] and that ordered domains in
live cells are enriched around membrane protrusions [22] as well as
the periphery of the immunological synapse of both ﬁxed [56,57] and
live cells [58], all consistent with our ﬁndings.
Whether the membrane patches consist of multiple aggregated
small ordered domains interspersed with disordered domains or coa-
lesced ordered domains cannot be resolved in our images. However,
that the proportion of ordered domains increased with time in
GM1-CT-B patches with their concomitant depletion from the non-
patched regions of the plasma membrane suggests that patches con-
sist of multiple small domains rather than a single one.
Although laurdan in model membranes undoubtedly reports on
the lipid order [59,60], its behaviour in the presence of membrane
proteins is less well characterised. We have recently conducted an ex-
tensive study on the effect of membrane spanning peptides on the
spectral properties of laurdan. Using two different peptides, we con-
cluded that even at very high peptide to lipid ratios the spectra of
laurdan, in either ld or lo phase, are unaltered and the emission
shift remains [61]. Furthermore, our microscopy setup neither uses
polarised light as the light source which could result in selective exci-
tation of ﬂuorophores depending on their orientation [59] nor does it
allow FRET between tryptophans and laurdan which can occur at high
laurdan concentrations [62]. Membrane curvature and lateral mem-
brane tension may also affect the spectral properties of probes
assigned to report on membrane order. The higher the curvature,
the lower the lateral membrane tension, which means that morewater molecules can penetrate into the bilayer and increase its ﬂuid-
ity. This implies that lower laurdan excitation GP values indicate a
higher curvature [63]. Since attachment points of actin ﬁlaments are
likely to represent membrane regions of high curvature, you would
then expect low GP values reported where actin ﬁlaments are linked
to the plasma membrane. On the contrary, those regions displayed
high GP values. In summary, we are very conﬁdent that the GP values
we report reﬂect the lipid order in the plasma membrane.
Interestingly, plasma membrane blebs still attached to live cells
have a greater proportion of disordered domains than the bulk plas-
ma membrane that remains attached to the underlying actin cyto-
skeleton. CT-B-GM1 was found in membrane blebs suggesting that
their lipid composition reﬂects that of the entire plasma membrane.
That no signiﬁcant increase in the proportion of ordered plasma
membrane domains was observed upon the addition of CT-B suggests
that the concentration of GM1 in the plasma membrane may not be
high enough to allow the pentavalent CT-B to induce phase separa-
tion similar to that observed in model membranes [64]. Blebs origi-
nating from the plasma membrane of mast cells have been shown
to undergo large-scale phase separation below 25 °C [8] and gigantic
blebs that remain attached to dead epithelial cells, when cross-linked
for GM1, demonstrate large-scale phase separation at 37 °C [6]. This
has been examined further in the two bleb types and it was conclud-
ed that the properties of the co-existing lipid phases depends on the
preparation method [7,65]. These ﬁndings demonstrate that the plas-
ma membrane lipids in living cells have the capacity to allow the
co-existence of disordered and ordered domains. Recent studies on
giant plasma membrane vesicles have shown that the difference in
order between co-existing ld and lo domains is small [10]. That this
difference is small also in live cell plasma membranes is indicated
by the change in GP values upon treatment never exceeding 0.25 in
our experiments although the difference in GP values between our
model ld and lo phases was 0.56. Although areas rich in disordered
plasma membrane domains can be seen both in blebs and in some
areas of the bulk plasma membrane, each pixel is likely to contain a
mix of ordered and disordered domains. Therefore, it is not possible
to state what the absolute GP values of the co-existing plasma mem-
brane phases are. Large-scale phase separation in the plasma mem-
brane may be prevented by the rapid turnover of plasma membrane
cholesterol [66], by general membrane turnover and attachment be-
tween the actin ﬁlaments and the plasma membrane [67]. Moreover,
live cells are not at equilibrium.
No GM1-CT-B patches could be found in blebs, suggesting that
both the formation of patches and ordered membrane domains are
dependent of actin ﬁlaments. The former is in line with early studies
demonstrating that actin ﬁlaments accumulate under patches of ag-
gregated membrane molecules [19–21]. Our data extend this knowl-
edge and show that patching leads to actin polymerisation at the
plasma membrane rather than a rearrangement of existing actin ﬁla-
ments. This actin polymerisation takes place also between patches,
which explains the presence of high GP value regions not correspond-
ing to the patches of GM1-CT-B, CD59 or CD45, but with time the ﬁl-
aments accumulate under the patches as seen in the GM1-CT-B time
sequence experiments.
Patching of GM1-CT-B can induce an early T cell signalling re-
sponse [26,43] and we now show that this is accompanied by the for-
mation of ordered plasma membrane domains that in turn can attract
signalling molecules like Lck and LAT. We speculate that the forma-
tion of ordered domains is the mechanism by which patching of
lipid raft molecules induce signalling and that this may well be differ-
ent from signalling mechanism in play after TCR ligation. That T cell
signalling is not generally observed upon the patching of CD45,
which also leads to the formation of ordered plasma membrane do-
mains, probably reﬂects the disadvantage of having a phosphatase
among the signalling molecules. But it begs the question what a
lipid raft marker is.
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strange. However, the TfR and CD45 are present in different amounts,
have different preferential cellular locations and functions which may
account for this discrepancy. TfR at the plasma membrane is rapidly
internalised and the TfR is mainly found at the endocytotic recycling
centre [68]. Due to the very fast endocytosis rate of TfR patches we
struggled even to image plasma membrane TfR patches on live cells.
Some cell surface molecules, like the FcεRI, require extensive
patching at low temperatures in order not be internalised [69] and
it is possible that the TfR belongs to this category. The ﬁnding that
lipids capable of forming lo-phase like cholesterol, sphingomyelin
and saturated phosphatidylcholine species are enriched at the plasma
membrane where T cells are in touch with anti-TfR coated beads [70],
further suggests that ordered domains can form also at TfR patches if
internalisation is prevented.
CD45 is, compared to the TfR, easy to patch and the most abundant
protein on the plasma membrane of hematopoetic cells [71]. Al-
though CD45 targeting to lipid rafts inhibits T cell signalling [72]
and CD45 is not found in aggregated GM1-domains [26,43], there
are several reports claiming that at least a small fraction of CD45 re-
sides in lipid rafts for Lck activation, and thus T cell signalling to
occur [46,73]. It is therefore possible that some of the patched CD45
was originally present in ordered domains and CD45, to some extent,
behaves as a lipid raft marker. However, we favour an explanation
where it is the actual aggregation of membrane molecules, lipid raft
preferring or not, that promotes phase separation and actin polymer-
isation. That aggregation can induce phase separation is supported by
theoretical modelling [74].
Membrane topography plays an important role in diffusion [41] and
is likely to be altered by drugs altering actin dynamics. Howmembrane
topography is related to membrane order and cell signalling deserves
further attention and may help explain some recent ﬁndings on mem-
branemolecule behaviour [75,76]. It is noteworthy that PI(4,5)P2 inside
and outside lipid rafts have different roles in shaping cells [77] and that
slight cholesterol depletion results in similar morphological changes to
an increase in lipid raft PI(4,5)P2 [77,78]. These studies present new
pieces of information on the interesting puzzle of linkage between cho-
lesterol and PI(4,5)P2 [79]. Furthermore, it has recently been demon-
strated that different pools of PI(4,5)P2 exist in the plasma membrane
which seems to be related to topographical features like caveolae and
T cell rigidity [80,81]. Moreover, positively charged proteins may
cause local concentration and/or restriction of movement of PI(4,5)P2
[82–84] or vice versa.
There is a tight connection between the cell plasma membrane and
its underlying ﬁlamentous systems [85]. While most lipids are free to
diffuse, some PI(4,5)P2 lipids are bound to proteins linking them to
actin ﬁlaments. Aggregation of membrane components increases the
number of attachment points by inducing actin polymerisation. We
propose that ordered domains form around such transiently anchored
lipids. A challenge will be to establish how anchored PI(4,5)P2 attracts
the cholesterol that is necessary for the formation of ordered plasma
membrane domains.
Supplementary data to this article can be found online at http://
dx.doi.org/10.1016/j.bbamem.2012.12.004.Acknowledgements
We are grateful to Dr. L. Loew and T. Balla for supply of di-4-
ANEPPDHQ, Dr. T. Balla for the kind gift of the PLCd1-PH-EGFP construct
and thank Dr. K. Gaus for crucial input on laurdan labelling. We thank
Dr. J. Adler for assistance with image acquisition, data analysis and
data display and Dr. S. Mahammad for purifying human primary T
cells. The project was supported by grants to I.P. from Carl Trygger's
Foundation, Signhild Engkvist's Foundation and the Swedish Research
Council (621-2004-2948). JD, PA and IP designed the experiments,analysed the data andwrote the paper. JD and PA performed the exper-
iments. IP conceived the project.References
[1] J.H. Ipsen, G. Karlstrom, O.G. Mouritsen, H. Wennerstrom, M.J. Zuckermann, Phase
equilibria in the phosphatidylcholine-cholesterol system, Biochim. Biophys. Acta
905 (1987) 162–172.
[2] M.R. Vist, J.H. Davis, Phase equilibria of cholesterol/dipalmitoylphosphatidylcholine
mixtures: 2H nuclear magnetic resonance and differential scanning calorimetry,
Biochemistry 29 (1990) 451–464.
[3] P.J. Quinn, C. Wolf, The liquid-ordered phase in membranes, Biochim. Biophys.
Acta 1788 (2009) 33–46.
[4] J. Zhao, J. Wu, F.A. Heberle, T.T. Mills, P. Klawitter, G. Huang, G. Costanza, G.W.
Feigenson, Phase studies of model biomembranes: complex behavior of DSPC/
DOPC/cholesterol, Biochim. Biophys. Acta 1768 (2007) 2764–2776.
[5] S.L. Veatch, S.L. Keller, Seeing spots: complex phase behavior in simple mem-
branes, Biochim. Biophys. Acta 1746 (2005) 172–185.
[6] D. Lingwood, J. Ries, P. Schwille, K. Simons, Plasma membranes are poised for
activation of raft phase coalescence at physiological temperature, Proc. Natl. Acad.
Sci. U.S.A. 105 (2008) 10005–10010.
[7] I. Levental, M. Grzybek, K. Simons, Raft domains of variable properties and com-
positions in plasma membrane vesicles, Proc. Natl. Acad. Sci. U.S.A. 108 (2011)
11411–11416.
[8] T. Baumgart, A.T. Hammond, P. Sengupta, S.T. Hess, D.A. Holowka, B.A. Baird,
W.W. Webb, Large-scale ﬂuid/ﬂuid phase separation of proteins and lipids in
giant plasmamembrane vesicles, Proc. Natl. Acad. Sci. U.S.A. 104 (2007) 3165–3170.
[9] P. Sengupta, A. Hammond, D. Holowka, B. Baird, Structural determinants for
partitioning of lipids and proteins between coexisting ﬂuid phases in giant plas-
ma membrane vesicles, Biochim. Biophys. Acta 1778 (2008) 20–32.
[10] E. Sezgin, I. Levental, M. Grzybek, G. Schwarzmann, V. Mueller, A. Honigmann,
V.N. Belov, C. Eggeling, U. Coskun, K. Simons, P. Schwille, Partitioning, diffusion,
and ligand binding of raft lipid analogs in model and cellular plasma membranes,
Biochim. Biophys. Acta 1818 (2012) 1777–1784.
[11] E.K. Fridriksson, P.A. Shipkova, E.D. Sheets, D. Holowka, B. Baird, F.W. McLafferty,
Quantitative analysis of phospholipids in functionally important membrane
domains fromRBL-2H3mast cells using tandemhigh-resolutionmass spectrometry,
Biochemistry 38 (1999) 8056–8063.
[12] R. Schroeder, E. London, D. Brown, Interactions between saturated acyl chains
confer detergent resistance on lipids and glycosylphosphatidylinositol (GPI)-
anchored proteins: GPI-anchored proteins in liposomes and cells show similar
behavior, Proc. Natl. Acad. Sci. U.S.A. 91 (1994) 12130–12134.
[13] S. Schuck, M. Honsho, K. Ekroos, A. Shevchenko, K. Simons, Resistance of cell mem-
branes to different detergents, Proc. Natl. Acad. Sci. U.S.A. 100 (2003) 5795–5800.
[14] A.I. Magee, I. Parmryd, Detergent-resistant membranes and the protein composi-
tion of lipid rafts, Genome Biol. 4 (2003) 234.
[15] D. Lichtenberg, F.M. Goni, H. Heerklotz, Detergent-resistant membranes should
not be identiﬁed with membrane rafts, Trends Biochem. Sci. 30 (2005) 430–436.
[16] D. Lingwood, K. Simons, Detergent resistance as a tool in membrane research,
Nat. Protoc. 2 (2007) 2159–2165.
[17] K. Simons, E. Ikonen, Functional rafts in cell membranes, Nature 387 (1997) 569–572.
[18] S.A. Sanchez, M.A. Tricerri, E. Gratton, Laurdan generalized polarization ﬂuctuations
measures membrane packing micro-heterogeneity in vivo, Proc. Natl. Acad. Sci.
U.S.A. 109 (2012) 7314–7319.
[19] L.Y. Bourguignon, S.J. Singer, Transmembrane interactions and the mechanism of
capping of surface receptors by their speciﬁc ligands, Proc. Natl. Acad. Sci. U.S.A.
74 (1977) 5031–5035.
[20] J. Flanagan, G.L. Koch, Cross-linked surface Ig attaches to actin, Nature 273 (1978)
278–281.
[21] D.F. Albertini, E. Anderson, Microtubule and microﬁlament rearrangements during
capping of concanavalin A receptors on cultured ovarian granulosa cells, J. Cell
Biol. 73 (1977) 111–127.
[22] K. Gaus, E. Gratton, E.P. Kable, A.S. Jones, I. Gelissen, L. Kritharides, W. Jessup,
Visualizing lipid structure and raft domains in living cells with two-photon
microscopy, Proc. Natl. Acad. Sci. U.S.A. 100 (2003) 15554–15559.
[23] P.D. von Haller, S. Donohoe, D.R. Goodlett, R. Aebersold, J.D. Watts, Mass spectrometric
characterization of proteins extracted from Jurkat T cell detergent-resistantmembrane
domains, Proteomics 1 (2001) 1010–1021.
[24] T. Nebl, K.N. Pestonjamasp, J.D. Leszyk, J.L. Crowley, S.W. Oh, E.J. Luna, Proteomic
analysis of a detergent-resistant membrane skeleton from neutrophil plasma
membranes, J. Biol. Chem. 277 (2002) 43399–43409.
[25] M.J. Yu, T. Pisitkun, G. Wang, J.F. Aranda, P.A. Gonzales, D. Tchapyjnikov, R.F. Shen,
M.A. Alonso, M.A. Knepper, Large-scale quantitative LC-MS/MS analysis of
detergent-resistant membrane proteins from rat renal collecting duct, Am. J.
Physiol. Cell Physiol. 295 (2008) C661–C678.
[26] I. Parmryd, J. Adler, R. Patel, A.I. Magee, Imaging metabolism of phosphatidylinositol
4,5-bisphosphate in T-cell GM1-enriched domains containing Ras proteins, Exp. Cell
Res. 285 (2003) 27–38.
[27] H.R. Hope, L.J. Pike, Phosphoinositides and phosphoinositide-utilizing enzymes in
detergent-insoluble lipid domains, Mol. Biol. Cell 7 (1996) 843–851.
[28] L. Maler, A. Graslund, Artiﬁcial membrane models for the study of macromolecular
delivery, Methods Mol. Biol. 480 (2009) 129–139.
[29] L.D. Mayer, M.J. Hope, P.R. Cullis, Vesicles of variable sizes produced by a rapid
extrusion procedure, Biochim. Biophys. Acta 858 (1986) 161–168.
1111J. Dinic et al. / Biochimica et Biophysica Acta 1828 (2013) 1102–1111[30] A.I.Magee, J. Adler, I. Parmryd, Cold-induced coalescence of T-cell plasmamembrane
microdomains activates signalling pathways, J. Cell Sci. 118 (2005) 3141–3151.
[31] M. Vrljic, S.Y. Nishimura, S. Brasselet, W.E. Moerner, H.M. McConnell, Translational
diffusion of individual class II MHC membrane proteins in cells, Biophys. J. 83
(2002) 2681–2692.
[32] K.L. Sampaio, Y. Cavignac, Y.D. Stierhof, C. Sinzger, Human cytomegalovirus
labeled with green ﬂuorescent protein for live analysis of intracellular particle
movements, J. Virol. 79 (2005) 2754–2767.
[33] J. Adler, The unitary scale bar: human and machine readable, J. Microsc. 230
(2008) 163–166.
[34] R. Karlsson, I. Lassing, A.S. Hoglund, U. Lindberg, The organization of microﬁlaments
in spreading platelets: a comparison with ﬁbroblasts and glial cells, J. Cell. Physiol.
121 (1984) 96–113.
[35] T. Parasassi, F. Conti, E. Gratton, Time-resolved ﬂuorescence emission spectra of
Laurdan in phospholipid vesicles by multifrequency phase and modulation ﬂuo-
rometry, Cell. Mol. Biol. 32 (1986) 103–108.
[36] L. Jin, A.C. Millard, J.P. Wuskell, X. Dong, D. Wu, H.A. Clark, L.M. Loew, Character-
ization and application of a new optical probe for membrane lipid domains,
Biophys. J. 90 (2006) 2563–2575.
[37] T. Parasassi, G. De Stasio, A. d'Ubaldo, E. Gratton, Phase ﬂuctuation in phospholipid
membranes revealed by Laurdan ﬂuorescence, Biophys. J. 57 (1990) 1179–1186.
[38] I. Spector, N.R. Shochet, Y. Kashman, A. Groweiss, Latrunculins: novel marine toxins
that disruptmicroﬁlament organization in cultured cells, Science 219 (1983) 493–495.
[39] M.R. Bubb, I. Spector, B.B. Beyer, K.M. Fosen, Effects of jasplakinolide on the kinetics
of actin polymerization. An explanation for certain in vivo observations, J. Biol.
Chem. 275 (2000) 5163–5170.
[40] G.T. Charras, C.K. Hu, M. Coughlin, T.J. Mitchison, Reassembly of contractile actin
cortex in cell blebs, J. Cell Biol. 175 (2006) 477–490.
[41] J. Adler, A.I. Shevchuk, P. Novak, Y.E. Korchev, I. Parmryd, Plasma membrane topog-
raphy and interpretation of single-particle tracks, Nat. Methods 7 (2010) 170–171.
[42] T. Harder, P. Scheiffele, P. Verkade, K. Simons, Lipid domain structure of the plasma
membrane revealed by patching of membrane components, J. Cell Biol. 141 (1998)
929–942.
[43] P.W. Janes, S.C. Ley, A.I. Magee, Aggregation of lipid rafts accompanies signaling
via the T cell antigen receptor, J. Cell Biol. 147 (1999) 447–461.
[44] A.M. Shenoy-Scaria, J. Kwong, T. Fujita, M.W. Olszowy, A.S. Shaw, D.M. Lublin, Signal
transduction through decay-accelerating factor. Interaction of glycosyl-
phosphatidylinositol anchor and protein tyrosine kinases p56lck and p59fyn 1,
J. Immunol. 149 (1992) 3535–3541.
[45] V.C. Maino, M.A. Norcross, M.S. Perkins, R.T. Smith, Mechanism of Thy-1-
mediated T cell activation: roles of Fc receptors, T200, Ia, and H-2 glycoproteins
in accessory cell function, J. Immunol. 126 (1981) 1829–1836.
[46] W. Rodgers, J.K. Rose, Exclusion of CD45 inhibits activity of p56lck associated with
glycolipid-enriched membrane domains, J. Cell Biol. 135 (1996) 1515–1523.
[47] J.B. Geiduschek, S.J. Singer, Molecular changes in the membranes of mouse
erythroid cells accompanying differentiation, Cell 16 (1979) 149–163.
[48] S. Munro, Lipid rafts: elusive or illusive? Cell 115 (2003) 377–388.
[49] A.K. Kenworthy, Have we become overly reliant on lipid rafts? Talking Point on
the involvement of lipid rafts in T-cell activation, EMBO Rep. 9 (2008) 531–535.
[50] G.R. Chichili, W. Rodgers, Cytoskeleton–membrane interactions in membrane raft
structure, Cell. Mol. Life Sci. 66 (2009) 2319–2328.
[51] D. Raucher, T. Stauffer, W. Chen, K. Shen, S. Guo, J.D. York, M.P. Sheetz, T. Meyer,
Phosphatidylinositol 4,5-bisphosphate functions as a second messenger that
regulates cytoskeleton-plasma membrane adhesion, Cell 100 (2000) 221–228.
[52] G.R. Chichili, R.C. Cail, W. Rodgers, Cytoskeletal modulation of lipid interactions
regulates Lck kinase activity, J. Biol. Chem. 287 (2012) 24186–24194.
[53] A.P. Liu, D.A. Fletcher, Actin polymerization serves as a membrane domain switch
in model lipid bilayers, Biophys. J. 91 (2006) 4064–4070.
[54] J.Y. Tinevez, U. Schulze, G. Salbreux, J. Roensch, J.F. Joanny, E. Paluch, Role of
cortical tension in bleb growth, Proc. Natl. Acad. Sci. U.S.A. 106 (2009) 18581–18586.
[55] S.V. Verstraeten, G.G. Mackenzie, P.I. Oteiza, The plasma membrane plays a
central role in cells response to mechanical stress, Biochim. Biophys. Acta 1798
(2010) 1739–1749.
[56] G.R. Chichili, A.D. Westmuckett, W. Rodgers, T cell signal regulation by the actin
cytoskeleton, J. Biol. Chem. 285 (2010) 14737–14746.
[57] K. Gaus, E. Chklovskaia, B. Fazekas de St Groth, W. Jessup, T. Harder, Condensation
of the plasma membrane at the site of T lymphocyte activation, J. Cell Biol. 171
(2005) 121–131.
[58] D.M. Owen, S. Oddos, S. Kumar, D.M. Davis, M.A. Neil, P.M. French, M.L. Dustin, A.I.
Magee, M. Cebecauer, High plasma membrane lipid order imaged at the immuno-
logical synapse periphery in live T cells, Mol. Membr. Biol. 27 (2010) 178–189.
[59] L.A. Bagatolli, To see or not to see: lateral organization of biological membranes
and ﬂuorescence microscopy, Biochim. Biophys. Acta 1758 (2006) 1541–1556.
[60] A.P. Demchenko, Y. Mely, G. Duportail, A.S. Klymchenko, Monitoring biophysical
properties of lipid membranes by environment-sensitive ﬂuorescent probes,
Biophys. J. 96 (2009) 3461–3470.[61] J. Dinic, H. Biverstahl, L. Maler, I. Parmryd, Laurdan and di-4-ANEPPDHQ do not
respond to membrane-inserted peptides and are good probes for lipid packing,
Biochim. Biophys. Acta 1808 (2011) 298–306.
[62] C. Rentero, T. Zech, C.M. Quinn, K. Engelhardt, D. Williamson, T. Grewal, W. Jessup,
T. Harder, K. Gaus, Functional implications of plasma membrane condensation for
T cell activation, PLoS One 3 (2008) e2262.
[63] Y.L. Zhang, J.A. Frangos, M. Chachisvilis, Laurdan ﬂuorescence senses mechanical
strain in the lipid bilayer membrane, Biochem. Biophys. Res. Commun. 347
(2006) 838–841.
[64] A.T. Hammond, F.A. Heberle, T. Baumgart, D. Holowka, B. Baird, G.W. Feigenson,
Crosslinking a lipid raft component triggers liquid ordered-liquid disordered
phase separation in model plasma membranes, Proc. Natl. Acad. Sci. U.S.A. 102
(2005) 6320–6325.
[65] H.J. Kaiser, D. Lingwood, I. Levental, J.L. Sampaio, L. Kalvodova, L. Rajendran, K.
Simons, Order of lipid phases in model and plasma membranes, Proc. Natl.
Acad. Sci. U.S.A. 106 (2009) 16645–16650.
[66] J. Gomez, F. Sagues, R. Reigada, Actively maintained lipid nanodomains in
biomembranes, Phys. Rev. 77 (2008) 021907.
[67] J. Ehrig, E.P. Petrov, P. Schwille, Near-critical ﬂuctuations and cytoskeleton-assisted
phase separation lead to subdiffusion in cell membranes, Biophys. J. 100 (2011)
80–89.
[68] A.O. Johnson, R.N. Ghosh, K.W. Dunn, R. Garippa, J. Park, S. Mayor, F.R. Maxﬁeld,
T.E. McGraw, Transferrin receptor containing the SDYQRL motif of TGN38 causes
a reorganization of the recycling compartment but is not targeted to the TGN,
J. Cell Biol. 135 (1996) 1749–1762.
[69] P.S. Pyenta, D. Holowka, B. Baird, Cross-correlation analysis of inner-leaﬂet-
anchored green ﬂuorescent protein co-redistributed with ige receptors and outer
leaﬂet lipid raft components, Biophys. J. 80 (2001) 2120–2132.
[70] T. Zech, C.S. Ejsing, K. Gaus, B. de Wet, A. Shevchenko, K. Simons, T. Harder,
Accumulation of raft lipids in T-cell plasma membrane domains engaged in TCR
signalling, EMBO J. 28 (2009) 466–476.
[71] M.L. Thomas, L. Lefrancois, Differential expression of the leucocyte-common antigen
family, Immunol. Today 9 (1988) 320–326.
[72] M. Zhang, M. Moran, J. Round, T.A. Low, V.P. Patel, T. Tomassian, J.D. Hernandez,
M.C. Miceli, CD45 signals outside of lipid rafts to promote ERK activation, synaptic
raft clustering, and IL-2 production, J. Immunol. 174 (2005) 1479–1490.
[73] C. Irles, A. Symons, F. Michel, T.R. Bakker, P.A. Van Der Merwe, O. Acuto, CD45
ectodomain controls interaction with GEMs and Lck activity for optimal TCR
signaling, Nat. Immunol. 4 (2003) 189–197.
[74] G.G. Putzel, M. Schick, Theory of raft formation by the cross-linking of saturated
or unsaturated lipids in model lipid bilayers, Biophys. J. 96 (2009) 4935–4940.
[75] C. Eggeling, C. Ringemann, R. Medda, G. Schwarzmann, K. Sandhoff, S. Polyakova,
V.N. Belov, B. Hein, C. von Middendorff, A. Schonle, S.W. Hell, Direct observation
of the nanoscale dynamics of membrane lipids in a living cell, Nature 457
(2009) 1159–1162.
[76] D. Goswami, K. Gowrishankar, S. Bilgrami, S. Ghosh, R. Raghupathy, R. Chadda, R.
Vishwakarma, M. Rao, S. Mayor, Nanoclusters of GPI-anchored proteins are
formed by cortical actin-driven activity, Cell 135 (2008) 1085–1097.
[77] C.M. Johnson, G.R. Chichili, W. Rodgers, Compartmentalization of phos-
phatidylinositol 4,5-bisphosphate signaling evidenced using targeted phospha-
tases, J. Biol. Chem. 283 (2008) 29920–29928.
[78] S. Mahammad, J. Dinic, J. Adler, I. Parmryd, Limited cholesterol depletion causes
aggregation of plasma membrane lipid rafts inducing T cell activation, Biochim.
Biophys. Acta 1801 (2010) 625–634.
[79] J. Kwik, S. Boyle, D. Fooksman, L. Margolis, M.P. Sheetz,M. Edidin, Membrane choles-
terol, lateral mobility, and the phosphatidylinositol 4,5-bisphosphate-dependent
organization of cell actin, Proc. Natl. Acad. Sci. U.S.A. 100 (2003) 13964–13969.
[80] A. Fujita, J. Cheng, K. Tauchi-Sato, T. Takenawa, T. Fujimoto, A distinct pool of
phosphatidylinositol 4,5-bisphosphate in caveolae revealed by a nanoscale labeling
technique, Proc. Natl. Acad. Sci. U.S.A. 106 (2009) 9256–9261.
[81] Y. Sun, R.D. Dandekar, Y.S. Mao, H.L. Yin, C. Wulﬁng, Phosphatidylinositol (4,5)
bisphosphate controls T cell activation by regulating T cell rigidity and organization,
PLoS One 6 (2011) e27227.
[82] U. Golebiewska, M. Nyako, W. Woturski, I. Zaitseva, S. McLaughlin, Diffusion
coefﬁcient of ﬂuorescent phosphatidylinositol 4,5-bisphosphate in the plasma
membrane of cells, Mol. Biol. Cell 19 (2008) 1663–1669.
[83] U. Golebiewska, J.G. Kay, T. Masters, S. Grinstein, W. Im, R.W. Pastor, S. Scarlata, S.
McLaughlin, Evidence for a fence that impedes the diffusion of phosphatidylinositol
4,5-bisphosphate (PIP2) out of the forming phagosomes of macrophages, Mol. Biol.
Cell 22 (2011) 3498–3507.
[84] G. van den Bogaart, K. Meyenberg, H.J. Risselada, H. Amin, K.I. Willig, B.E. Hubrich,
M. Dier, S.W. Hell, H. Grubmuller, U. Diederichsen, R. Jahn, Membrane protein
sequestering by ionic protein–lipid interactions, Nature 479 (2011) 552–555.
[85] M.P. Sheetz, J.E. Sable, H.G. Dobereiner, Continuous membrane–cytoskeleton
adhesion requires continuous accommodation to lipid and cytoskeleton dynamics,
Annu. Rev. Biophys. Biomol. Struct. 35 (2006) 417–434.
